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ABSTRACT
●

Laser induced fluorescence (LIF) can be used to

determine the prassure end temperature of an UF6 gas

sample. An external pulsed laser is used to excite

tha gas and a multichannel fiber optics system

simultaneously collects fluorescence signals emanating

from a number of points in the gas. The signals are

digitized and presented to a minicomputer for data

reduction. Both fluorescence intensity and lifetime

are used to deduce temperature and pressura.

The LIF probe system is described. Analysfs of

the data Is discussed, and representative results are

presented.

=aacd on work performed by Loo Alamoa National Laboratory under wbcontract
(Po 1OK-13674V) uo Martin Marietta Energy Syetema, Inc., for the U.S. Department of

Energy, and work performed st tha Oak Ridge Gaseous Diffusion Plant, opctated by
Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy under
Contract DE-AC05-840R21400.

COPYRIGHTNOTICE

By acceptance of thie article, the publlgher and/or recipient acknowledges
the U.S. Government’s right to retain a nonexclu~Lvc royalty-free license
in and to any copyright covering this paper.

(

t

17(i



INTRODUCTION

Laser induced fluorescence, both llfetime and intensity, can

be used to uniquely determine the temperature end pressure of UF6

gas. We have developed a system for extracting multi-channel

laser induced fluorescence (LIF) data from an operating gas

centrifuge. This work was first reported by Gentry at the 4th

Workshop on Gases in Strong Rotation [1981). Since that time, the

technique has been refined, automated, and extended to include

pressure and temperature measurements simultaneously.

LASER INDUCEDFLUORESCENCEIN UF6

Laser induced fluorescence in UF6 has been studied over a

pressure and temperature ranael~?~z of interest to the qas

centrlfuqe community. Excltatinn takes place in a broadband which

extends from 375 to 420 nm (see Fig. 1), peaking at 792 nm.

Fluorescence is also broadband; extendlnq from 400 to 4S5 nm, with

a peak at 421 nm. The fluorescence spectrum is essentially

independent of excitation wavclenqth1~4 and presslJre.4

In a collisionless gas, the fluorescence lifetime would

be approximately 56 IIS.5 Mllll?clJlljr colltsinns quench the

fluorescence, presumably by caus!nq dissociation of the excited

molPclJles. Since the molecular collision rate Is dependent upon

both number Uenslty and particle velnclt.y, the fluorescence llfe-

time is dependent. upcin both pressur~ and temperature. This is

shown in Flcj. 2.

I77 DISllUWTIONOFTHIS00CUMENT,ISUNLIMl~
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Oldenborg, ~t el,4s5 have developed a

on the level structure of Fig. 3, to explaln

This model leads to the followlng expression

llfetime [T)t

1 l+(~+~]p
.- = ku + kcP + klP -——— .—..—— -

simple modelr bnsed

the data of Fig. 2.

?or the fluorescence

● (1)—. -

P is pressure, and

ku, kc, kl, a,~,y are experimentally determined constants.

Each constant is assumed to satisfy an Arrhenius relationship

of the form

k= Ae_E/~T (2)

where E is the acti.~ation enerqy and R is the ideal gas constant.
A least squares f~t to the data (fig. 2] yields the constants

given in Table 1.5

TABLE 1

Arrhenius Parameters f%r UF6 Self-Quenching

Rate Constants at 392.1 nm

Rate Constant—----- - ----- ~ *- [K]

ku (2.30 t l.lH)*lO~ ~-l ‘761.6 i 131.5

kc [1.3i 1 1.90) *10S turr-l S“l 2114 t 440

kl (2.43 t cI.a3)*1c)7 torr-l s-~ 953.3 t 85.1

a 60.0 f 155 torr-’ 1693 * 7s1

B 11.2 t 19.3 torr-l 1731 t 517

Y 0.215 t 0.40i torr-’ -~60,3 ~ 557.9

Datn Range: 0.005 - 85 torr

20 - 600C [lOo intervals)

ltlo
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Fluorescence intensity IS also dependent an both molecular

number density and temperature. The fluorescence signal is of the

form

Y= Ie-t/~ ,

where t = time

T= l(n,T)

I= I(n,T)

n = gas molecular number density

T= temperature

The intensity factor, I(n,T), is directly proportional

(3)

to the

number of laser excited molecules which in turn 1s directly

proportional to the molecular number density, n. The temperature

dependence of I(n,T) arises from the UF6 photon cross section

which has been measured by Wampler6 et al:—..-

U= (1.312 + 0.012T - 8.5 * 10-ST2)10-20 cm2,

for 20 < T c 60 T in oC,
and A = 392.1 nm.

From the above discussion it can be seen that UF6 gas

p: ‘:ssure and temperature can be unfoljed from measurements of

l.iser induced fluorescence lifetime and intensity. The

“measurability” of the pressure, P, and temperature~ T~ can be

defined as the rate of change of the observed characteristic with

respect to the rate of change of the desired parameter:

AT[T T al
M(T,T) = ~T,~ = - —T aT

AT~7 ~~
M(T,P) = ~,~ = t ap

AI/I ~ a~
MII,T) = ~~jy = 1 aT

bI/I ~ lx
M(I,P) = ~,p ~ I ap

(4)

(5)
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M(~, T] and M(T,P] are determined from Eq. 1 end Table 1. These

are plotted in Fig. 4. MII,T) is Found usfng Eq. 4 and 1s plotted

in Fig. 5. MII,P] is Identically equal to 1.0 because both

intensity and pressure are directly proportional to molecular

number density.

A large measurability implies that the observed r~aracterfstic

1s very sensitive to small changes in the desired parameter. For

example, M[t, T] ❑ 4 implles that a 1% change in temperature will

be observed as a 4% change in fluorescence lifetime. Likewise, a

4% measurement error of lifetlme will be reflected as a 1%

measurement error of temperature. A quick study of Figs. 4 and 5

would suggest that lifetime measurements b= used to determine

temperature and intensity measurements be used to determine

pressure.

APPARATUS

gptlcs----

The UF6 gas to be sampled is located within a few centimeters

of the wall of the centrifuge. A moderately high vacuum is

maintained inside [smaller radius) the gas region. Figure 6 is a

schematic of the STR bowl and LIF optics.

An externally produced 392.1 nm laser beam iS directed into

the gas layer near the rotor wall and Lhe resultlng fluorescence

light is transmitted to photomultlplier tubes located outside the

vacuum system. All hardware are positioned in the vacuum core,

far from the rotor wall, in order to fivold disturbing the gas

flow.
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Fig. 4. M(I, T] and M[T,P). The measurability of temperature
and pressure using fluorescence lifetime, T. The
temperature dependence of M[t,P) cannot be distinguished
on the scale of this plot.



1.0 I 1 I

1.6

1.4 “

1.2 -

()
A 1/1
A P/P *[I p

1.0

0.8 -

0.0 “

0.4 -

0.2 -

0 ~ 1 1 I
20 30 40 60 60

TEMPERATURE (°C)

Fig. 5. MII,T) and M(I, P). The measurability of temperature and
pressure using fluorescence intensity, I.



To
PHoToMuiti
TUBES

\
MSE. . 3EAM

----n. ll_
QASMYERI II I

“1 r

Fig. 6. Schematic diagram of internal optics.

Im;



Three internal mirrars direct the laser beam to intersect the

wall at en angle of 550 to the normal. Excited UF6 molecules form

a line source of i’luorescent light. A telescope produces ●n image

of fluorescing gas on the face of a fitwr optics bundle~ located

near the axis of the rotor. The telescope consists Gf two lenses

(42 mm d~ameter x 150 mm focal length] and two broadband filters

that pass the fluorescence band (400 - 440 nm] and reject

scattered laser llght (392.1 rim).

The fiber optics bundle dissects the fluorescence image into

26 parts [see Fig. 7), representing 26 radial locations of gas

Ssl;ples. The light from each of the 26 sub-images is carried via

its own incoherent fiber bundle to all externally mounted

photomultiplier tube. Figure 8 is a photograph of the optics

internal to the centrifuge.

Electronics..-.---.-—

Photomultiplicr tubes convert the fluorescence into an

electrical pulse. The analogue electrical signals are then digi-

tized and presented to an LSI 11/2 minicomputer through the use of

CAMACbased current integrators.

An oscilloscope trace of’ a typical LIF signal is shown in

Fig. 9. The Initial higher amplitude spike is caused by scnttered

light from the laser excitation pulse, which 1s far more int~r[se

than the fluorescence? signal. The lcter, exponentially decaying

portion of the trace is the actual fluoresccncn signal, vlslble

after the laser has been extinguished. Thr? Fluctuations are

caused mostly by photon statistics. In the illustretlorl of

ln7
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—— VACUUMWALL

INTO26 PARTS

LIFIMAQ= IMAGEMOVESAS GAS ROTATES

Fig. 7. The flbar optics bundle dlsects the continuous LIF imaqc
jnto 26 cliscrele packets and carries the light to 26
photomultlpller tubes loctited outside the vacuum syst~m.
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Fig. 9. LIF si~nal. The slgnral is traced from an oscilloscope
photograph of LtF dec~iy from ~ slnqln laser pulse. Thr
crosshntchd ~rctis demonstrate how current intf!qraturs
can bf! used to snmple the Rxponcntial signal.



fig. 9, the gatsd current integrators sample portions of the

curve. These samples can then be used in a leest squares fit to

determine fluorescence lifetime and intensity.

Figure 10 can be used to explain how multiple Samples are

taken of a single puise. The analogue pulse is split into three

identical pulses, using a matched signal divider, and presented to

three current integrators. Each integrator is separately geted

after a fixed delay from the laser pulse. The current integrators

are CAMACmodules under the control of an LSI 11/2 minicomputer.

Figure 11 is a photograph of a matched fanout. Figure 12 1s

a photograph of a Delayed Gate Generator designed and built et

Los Alamos. All other electronics are commercially available.

The Delayed Gate Generators provide twenty gate Pulses (fr’Jnt

panel) per trigger (rear panel). The width of each gate is

adjustable in - 6 ns intervals from 20 to 200 ns by means of wire

wrap pj.ns. Delays are sequential (output 2 is delayed longer than

output lp etc.) in steps d’ 5S 10P 2t)# 50) 709 9DF 100S or 200 ns

as determined by the delay chips at the rear of the pC board. An

output at the rear panel, which 1S delayed like output *20, ean be

used to trigger a second module, Twenty of these modules [400

avsilable gates) ~re sufficient to simultaneously cover all 26

optical channels in any runnll]q configuration. Figure 13 is a

photograph of the fanouts, Delayed Gate Generators? and current

integrators mnunted in a standard cqulpment rack.

system [nt~~~tlnn. .- . --— - - -- -—

The entire system 1s sh~wn schematlcnlly in Fiq. 14. The

laser beam enters the centr!f(lqe thruuqh a qunrtz window in the
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. Fig, 12. Pelayed Gate Generator.



Fig, 13. Eleckronlc9 rack. The Delayed Gate Gcn~rnl.ors ore
mounted In m NIM h!n. The currant lntnqr~turs nre
locat~d In thn C/lMllC crnt~ b~hind the fanoutg. m
elsct,runlcs needed to operat? 26 opl[cnl cllnnnels
[ hcludlng computer ) would tICCIJIIy two equll)rnent rncks.
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.

vacuum chamber wall. This window is tilted so that the reflected

laser pulse is seen by a photodlode. The photodioaa signal, which

is proportional to the laser pulse intensity, is recorded wfth a

current integrator. Since the Fluorescence intensity 1s directly

proportional to laser pulse energy, this photodiode signal is used

to normallze the measured fluorescence Intensity.

A second phatodiode, which looks at scattered light from the

laser, is used to trigger the Delayed Gate Generators. The

LSI-11/2 is notiffed, via the CAMACinterface, when the current

integrators have recorded data. The computer requests/receives

data f’rom each integrator then resets the lnteqrators in prepara-

tion for more data. Note that the photodlode also triggers a

delay pulser which again triggers the Delayed Gate Generators

after a pause of 40 ms. This allows background data to be

recorded in all integrators. The back~round data is collected by

the computer, subtracted from the real fluorescence data, and the

result is normalized (divided by) to the laser monitor data.

To reduce the effects of photon statlstfcs, multiple laser

pulses (typically 100] are collected and summed at - 10 Hz rate.

The collection of data over multiple laser shots allows the

computer to determine mean and standard deviation values for each

integrator.

At the end of each run, the computer does a least squares fit

to the data From each detector, determining both fluorescence

llfetlme and intensity. The results and data are put into

. archival storage Tor later printout or plGtting. Conversion of

2(.)2



the Iifetlme-intensity data into pressure-temperature information

has not been automated.

Samplinq

CAMAC housed current integrators are used to sample the

photomultlplier output. The signal shape is known to be exponen-

tial, so the samples are used only to determine lifetime and

intensity. A simple-minded statistical analysls was used to

confirm

11

21

3)

4)

the following intuitive features of sampling:

More samples are always better, but the incremental

improvement decreas~s rapidly above - 8 samples.

Sampling should begin as early as possible and continue

as long as practicable.

Sample intervals should be contiguous.

Sample widths should be adjusted so as to present equal

charge to each integrator (i.e. late ttme gates should be

wider than early time gates).

The current integrators cannot be used with gates wider than

- 20CJ ns. The Delayed Gate Generators cannot produce a gate

narrower than - 20 ns. Effectively narrower gates can be made by

overlapping the samples. For example:

Gate 1 100 - 120 ns

Gate 2 llCI - 13[1 ns

Gate 3 120 - 140 ns

etc.



Other system considerations yield the following sampling

constraints:

1] No sample should begin within 100 ns of the laser pulse.

The reason for this is unknown, but samples taken before

100 ns usuallv appear nigh.

2) Samples should not be taken more than three 111’etlmes

after the laser pulse. The finite gas sample volume

within the centrifuge actually cont,alns a dlstrlbutlon ~f

gas densities. The lower pressure, longer lived

fluorescence part will dominate the signal at late times.

[Note: The software will record nnd store ell data, but

will use only data < ? lifetimes in the least squares fit

to determine intensity and lifetime. ]

3) No more than 14 samples may be recorded per optical

channel. This is a software array constraint and is not

inherent in the system.

~Eeratin9 Rgggg..-—

The temperature range for the system 1s llmlted by the

available data base. The equations given for the temperature

dependence of fluorescence lifetime and excitation cross section

are valid only in the range 200 - GOoC.

Figure 15 shows th~ data f:om the 16th optical channel [of

the 26 available channels] taken in the 12th run on October 3,

1984 ● The data were taken in the Los Alamos centrifuge [STRI and

represent an accumulation of 200 laser pulses. The data show that
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the gas sample was at a pressure of 1.8 torr and 440C, which is in

the middle of the useful range of the LIF system.

Figure 16 demonstrates the high pressure limit Of the system

due to the constraint that all sampling must be done between

100 ns and 3 decay times after the laser pulse. The gas sample

was at a pressure ~f 47.3 torr with a temperature of 490C.

The signal strength decreases as pressure decreases because

the number of initially excited molecules is proportional to

molecular number density. However, the fluorescence efficiency

increases with lifetime.

N: is proportional to

where,

n,

9

(6)

(7)

n= molecular number density ,

N: = number of initially excited molecules ,

and
N = numbr+r of fluorcscr?nce photons .

The result of thes~ two relatlnn!ihfps Is t,hat the detected numb~r

of photons w!ll

reduced from 10[1

derreascs S1(IW]Y

20 to 200 ns.

fall only n factor of 15 when the pres~ure is

to 0.01 torr. Thu numbur of co~lnts/lntegrntnr

with prnssurl? as the qnt~ widths inrruas(? frnm
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per integrator will decrease proportionally with pressure. (Notel

the sensitivity of the photomultfplfer/current integrator system

is - 1 count/photon, so the signal strength can only be improved

by increasing the laser power.] figure 17 shows data taken near

the low pressure limit. This data was taken with a gas pressure

of 0.24 torr and is the sum of 50 laser pulses. Due to problems

with optics inside the centrifuge, the laser power delivered to

the gas is estimated to be only 100 UJ/pulse. (The laser can

produce 5 mJ/pulse.) This impli~s that the low pressure limit for

the system should be - 0.02 torr. Accurate initial intensity

measurements can probably be made at 0.02 torr but gas diffusion

and centrifuge rotatton may limit the time span over which life-

time measurements can be made.

●

RESULTS

The entire LIF system was tested in the Los Alamos scoop test

rig during September and October, 1984. These runs were used to

1) check reproduclbllity~ 2) determine atsolutc and relative

accuracies For both temperature and pressure; and 3) explore the

llmit~tlons of th~ system. The rot.atlonal speed of the centrlfuqe

was held constant durtng these runs, but. the gas inventory and

sennp racllnl posit.!nl~ wcr~ varl~d.

Nineteen photomultlpller tubes were ~vallahle for these runs.

They were inst.flllcd in opt.lcnl ch~nnels 3 through 23 cxcludlng

channels 17 nnd 21. Chnnnnl 3 corrnrpnnd(?d to the c~ntrifuqo wn.11

locatton at spcod, and chnnnnls 4 through 7“5 mov~ OW[lY from the

2(IH
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wall (smaller rndlus). The number of available integrators (120

samples] limited to ten the number of channels whict could be

recorded simultaneously. Nineteen optical channels we?s ~~corded

in two runs, one recording channels 3, 59 7, 90 llJ 13s i5J 18-

19, 21 and the other recording channels 4, 6, 8, 10, 120 14~ 16-

la, 20, 23. The two runs could be made within four minutes with

the actual sample time

on the number of laser

was used for intensity

for each run being 5 - 20 seconds depending

pulses used (10 Hz pulse rate). Channel 18

normalization.

Throughout this paper9 locations will be given in terms of a

scaled distance X:

x(r) = waa*

2RT F-f-) [8]

where w= angular velocity

a= centrifuge radius

R ❑ gas constant

T ■ temperature

~g~roduclbillty-----------

Standard deviatlon~; l’~lr Intensity and l{fetlme were determined

by recordtng ten sets of dat.ii under identlcel runninq conditions.

Each set contained data t’rum ten optlcnl ch~nnels rangin~ in life-

time from 103 to 1120 n’;. Ten wts of cMtH werr? rncordcd uslnq 5(’I

laser pulses pcr set nnd ten more sets were recnr~~!d ll~lng 700

laser pulses per s[?t. lhc r~sulls nrt: shown in Table 2.
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Intenalty data from ChOfln@l 3 (x = 0) are not valid becnuse the

centrifuge well intercepts the volume of the chennel. The

rndiatlng gas volume and therafore the apparent intensity are

reduced. However, lifetime dat~ are valid from this channel. The

well pressure 1s determined by assuming that the gas next to the

wall surface 1s at the same temperature as the outside wall

temperature [known via other means] and the use of Eq. 1. Note

that the intensity data look very good down to the lowest pressure

recorded (0.2 torr).

The solid lines shown in Fig. 18 are least squares fits of

the data. A quality of the flt can be defined

(9)

For these three data sets

=1 = o.r182 [h]qh wall pressure - 75 laser pulses)

az = 0.052 (medium WR1l pr~s~ure - 100 lassr pulses]

as = ().050 (low wall pressure - 50 laser pulses)

About ~ the average error IS du~ to channnl 4 (X = 0.0068]. This

channf!l’s prcximlty to thu wall mHkns IL vulnnrahle to reflections

and/or fluor~scenc~ from wall milturlnls. Even cllscounting channel

4F devlntlon% frnm the fit nre qreiit Hr than tho~e predlctt?cl by

Table 2.



The above table,

indicate that there

- 1% which cannot

although a small statistical sample, would

exists a relative, channel to channel error of

tie improver through photon statistics (more

total laser energy). NGt.# This analysls assumes that the true

pressure profile really is exponential.

Figure 19 shows the temperature profiles corresponding to

Fig. 18. The temperatures were calculated by using pressures, as

determined from the least squares fit (Fig. 18), and the measured

lifetime from each channel to solve Eq. 1. The continuous lines

through the data are “eyeball” fits meant only to guide the eye.

Wheel flow theory assumes a constant temperature throughout the

gas, an assumption not supported by the data.

The three temperature profiles of Fig. 19 can generally be

described as flat near the wall, then rising more rapidly as

pressure decreases. The rise becomes particularly rapid below

1 torr. Three explanations come to mind concerning this

unexpected temperature rise:

1) The profiles are cnrrectl

2) The system biases long lifetlme data;

3) Equat.lon 1 1s incorrect.
.,

An artiftclnlly high temperature woLJld be calculated If the

calculatv~j prcss[Jrt~ wr?rc law, or the measured Fluuresceqce dec~y

tlmc wr!re short. Thr llresstJre profl]es are shown in I_iq. IO and

fiqrce with thnnry. TW(I ~lhy~lcnl pro~e!;:i~~ cou]d shurt.cn the

rnt:nsured ltfet.lmn. First,, cxcltcd muleculc.s can diffusn out of

214
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the observed radial

above - 0.05 torr.)

due to the effects

zone. (This is not Important

Second, the recorded intensity

of geometric optics as the gas

for pressures

will decrease

rotates away

from the telescope axis. (This effect could change the lifetime

of the lowest pressure recorded from 1770 ns to 1812 ns which

lowers the calculated temperature from 4190K to 4150K. ) Finally,

Figs. 20, 21, 22 are offered as testimony to the quality I.]f the

lifetime data. These are the low pressure extremes for the three

runs discussed h this section.

Fig. 2 shows some of the data base for Eq. 1. The equation

fits the data very well, but “two observations must be made:

First, the temperature range is only 200 - 600C (293 - 3330K) and

no claim to validity outside this range is made. Secondly,

Eq. 1 uses twelve parameters. A glance at these parameters and

their error bars as listed in Table 1 would indicate that the

convergence of these parameters to their central values is not

very strong. Perhaps a different, but equally co~sistent, set of

parameters would change the temperature profiles of Fig. 19.

Effect of Scooe Location------- ------ - - --—--- --

Usiilg the medium wall pressure inventory of the previous

section, lifetime and intensity data were recorded while the scoop

was adjusted to five radial locations. The scoop was displaced

axially several inches from the LIF observation region.

Table 3 and Fig. 23 describe the pressure prdflles as a func-

tion of scoop location. The trend 1s toward a stef!per profile as

the scoop IS pushed further into the gas.
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SCOOQLocation—.. -——-—-

> 10.0

10.0

7.05

4.52

2.84

The lead factor of

TABLE 3

Fit ~18 channels~---- ------- .-—

30.94 exp [.981 ●X]

27.20 exp [.989 ●X)

29.28 exp (1.00 ●X)

29.62 exp (.996 ●X)

27.61 exp (1.05 ●X)

the fit 1s the wall

determined from an externally measured wall

~

5.23%

5.42%

5.34%

5.30%

6.04%

pressure (torrl as

temperature

fluorescence lifetlme in channel 3. A comparison of these

and the

numbers

1s an Indication of the absolute accuracy of the measurement.

(The fifth llne should be excluded because the gas loss rate was

high during this run.) This would appear to be a worst case since

these pressures are deduced from lifetime data recorded in channel

3 and subject to the wall effects of reflection and fluorescence,

but the mean and standard dcviatlon of the first tour lines in

Table 1 are 29.26 tnrr ~ 5.3% which just happens to be the same

accuracy as all the other pressures as determlnf!d via intensity

data,

F{gurn 24 displays t.h~ temperat.ur~ prol”lle:; Pnr these runs,

The overall qn% temperiiturt! increas~% only gr~duially until the

scunp Is placnrl far out. into the gn~.

CUN(,X.lJSIONS

Tt]n dutn cxhlhitcri h[?ru Iri[llcntr thnt. thn L[F system is

cnpnhln of ah+olutn prv:;surri and trmp~rntllre mf?n:;ur~mnnts to

,BOJ
..,, 1
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within a few percent when data is summed over at least 50 laser

pulses. At present the temperature determination 1s suspect

because the data base on which Eq. 1 is founded needs to be

expanded to include much hiqher temperatures. The useful pressure

range 1s approximately 0.05 to 50 turr.

The analysis used in this work 1s not complete. Equation 4

shows that the excitation cross section, and therefore the

fluorescence lntenslty, 1s temperature dependent. The pressure

profiles should be corrected by including this temperature effect,

which in turn, affects the temperature profiles. The iteration

can be continued as needed. This procedure was not followed here

because Eq. 4 1s valid only in thn temperatur~ ranqe 200 - 600C.

The empirical naturs of this eqmitlnn mnans that It cannot bm used

outside this ranqe. Aqnln, the u~et’ul rmm~ of this equation

needs to be extended.
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